Recent observations show a large concentration of galaxies at high redshift. At first sight the presence of such a large structure seems to be in contradiction with the models of structure formation. In this paper we show that such structures are not unnatural and exist even in the simplest of models. These result from the strong clustering of high peaks of density field. We compute the frequency of occurrence of such large concentrations of galaxies in some models of structure formation.
INTRODUCTION
Observations of galaxies at high redshifts, around z = 3, in a contiguous region of sky (Steidel et al 1997) show a marked concentration in a region of width ∆z = 0.04, or ∆v = 3000km.s −1 . The angular size of the region probed is 9 ′ × 18 ′ and within this region the galaxies contributing to the peak are distributed randomly in about half the area. A quasar is also present in this wall like structure. The clustering in redshift space is estimated to have a confidence level of 99.8%. Steidel at al (1997) point out that clustering at such large scales is not expected in most models of galaxy formation and high bias is required to explain the observed structure.
First galaxies to form in the universe correspond to the deepest potential wells or the highest peaks in the initial density distribution. It is well known that peaks above a threshold show a stronger tendency to cluster as compared to peaks selected with a lower threshold in density (Bardeen et. al. 1986 ). Therefore we should expect galaxies at high redshifts, as these correspond only to the highest peaks, to show a marked tendency to cluster strongly. The evolution of clustering properties of galaxies or dense clumps of matter is governed by two factors. Gravitational instability amplifies the existing correlation function of all mass and hence, also that of any set of clumps. Second factor is the initial correlation function of all the clumps that have collapsed up to a given time. This, however, depends on the initial correlation function of mass and the amplitude of peaks that collapsed to form these clumps. At early times only the highest peaks have collapsed and these have the highest initial correlation function. At late times, more typical peaks also collapse and most of the clumps correspond to peaks of a lower amplitude. Therefore the initial correlation function of all clumps at late times is smaller than that at an earlier epoch. The correlation function of clumps is a combination of the initial correlation function and its amplification by gravitational instability and therefore it does not follow the pattern set by gravitational instability for the correlation function of the underlying mass distribution. This is particularly true of epochs when only rare peaks have collapsed. It is possible to arrange matters so that the correlation function of clumps decreases with time. Indeed, this effect has been observed in N-Body simulations of the CDM model (Brainerd and Villumsen 1994) .
In this paper we propose that the observed clustering of galaxies at z = 3 results from the strong correlation of the high peaks in density distribution. The presence of a quasar in the sheet of galaxies indicates that we are indeed dealing with a set of rare peaks in density distribution. However, as issues like mildly non-linear evolution, redshift space projection, typical geometry of collapsed objects, etc. need to be taken into account, we use N-Body simulations to compute the probability of encountering such objects in different models.
In the following section we will outline the models we use for our study in the later sections. We will also outline the methods we use for analysing the simulation data. Results are presented in §3. Discussion and conclusions follow in §4.
METHODS, MODELS AND SIMULATIONS
The cold dark matter (CDM) model and its variants represent the class of models that are in good agreement with observations of large scale structure. Many models in this class can be described with help of a shape parameter Γ (Efstathiou, Bond and White 1992). Here, we will study clustering in the standard CDM model (Γ = 0.5) and a vari-ant that reproduces the observed correlation function out to large scales (Γ = 0.3). These models are normalised so that σ8 = σ(8h −1 M pc, z = 0) = 0.6. To describe differences induced by a higher normalisation we will use the same models with σ8 = 1. The background cosmology is assumed to be Ω = 1, H0 = 50km.Mpc −1 .s −1 . We will specify all scales in the comoving coordinates.
The observations indicate a very large scale for the concentration of galaxies. In the Einstein deSitter model ∆z = 0.04 translates into 15h −1 Mpc. The observed angular extent of the structure in question is greater than or equal to 8 ′ × 11 ′ . (One arc minute corresponds to 0.87h −1 Mpc at z = 3.) To study clustering at such large scales we need to simulate a very large volume and we chose to work with a simulation box of size 166h −1 Mpc. All simulations were done using 128 3 particles so that mass of each N-Body particle was approximately 10 12 M⊙. All N-Body simulations used here were done using a Particle-Mesh code.
To simulate "observations" of high redshift galaxies we use the following method.
• As galaxies form in regions with high density, we begin by isolating such regions in the simulation volume. For a given density threshold, we used a minimal linking length to select regions with higher density.
• We project the selected particles into redshift space by assuming that one of the axes is aligned along the line of sight. Velocity along the line of sight and the Hubble redshift combine to give the total effective redshift of each particle.
Here zpec = vp/c with c the speed of light and vp the component of the peculiar velocity of the particle along the line of sight.
• We then view the selected particles around a large number of lines of sight. For each line of sight all particles within a square region of 10 ′ × 10 ′ is included in the field of view. The redshift distribution of these particles is analysed for a large number of fields of view.
• We smooth the distribution in redshift by using a top hat window of width ∆z = 0.04. We locate peaks by looking for peaks in the smoothed distribution. As the correspondence between particles and galaxies is not very clear, we will measure peaks from the average amplitude in units of the standard deviation σ.
In the following discussion we will elaborate on some of these points.
Density Threshold
We are interested in clustering at large scales and therefore we have to use a large simulation volume. This implies that the mass of individual particles in the simulation is considerably larger than the mass associated with the galaxies we are studying. This clearly makes it difficult to identify galaxies directly and we can only try to isolate regions where such galaxies could have formed. However, as we shall see, this does not make too large a difference and we are able to reproduce large concentrations in redshift even with simple assumptions outlined below.
Let us assume that the density profile of these galaxies can be approximated by a 1/x 2 law. Then, the average density within the virialised radius and a larger scale are related as
Models of spherical collapse (Gunn and Gott 1972) suggest that̺vir ≃ 200. If we assume that the mass of virialised core in these galaxies is about 10 10 M⊙, and Mx to be the mass of one N-Body particle (10 1 2M⊙), then we get̺(x) ≃ 10. Allowing for the fact that the density will be averaged over a few particles and the density profile may be steeper than 1/x 2 , we will use a lower density threshold for selecting particles in regions where high redshift galaxies may have formed. We will present results for three cases:
•̺c = 0, i.e. no cutoff.
•̺c = 2̺ b , i.e. we will select regions with δ ≥ 1. Here ̺ b is the background density and δ is the density contrast.
•̺c = 4̺ b , or δ ≥ 3.
As we are using very conservative values for density threshold, the probability for encountering large concentrations of galaxies we compute here is essentially a lower limit.
Clustering in Redshift
Our aim here is to search for clustering at large scales in redshift and the width of the structure we hope to reproduce is ∆z = 0.04. However, it is useful to start with smaller bins and average over the neighbouring bins with a top hat filter. This ensures that all high peaks are picked out.
We group the particles in each field of view in bins of 500km.s −1 . We dropped some bins at the edges as these may not sample the data uniformly due to local fluctuations induced by peculiar motions. We then combined six bins around each of the smaller bins to get a distribution with ∆z = 0.04 sampled at every 500km.s −1 . As the next step, we locate maxima in this distribution. In order to avoid over counting high peaks, we ensure that a given bin has the largest number of particles as compared to bins within ∆z = 0.02 on either side. The amplitude of peaks is measured from the average in units of standard deviation -the average and standard deviation are obtained from a large number of "fields of view" through the given simulation box.
RESULTS
We first present projection of a slice from an N-Body simulation. In this, the range of sizes of structures -angular sizes as well as the extent in redshift -and the effects of redshift space distortion can be seen clearly. Figure 1 shows the projection of a thin slice from a CDM simulation with Γ = 0.5 and σ8 = 0.6. The particles shown here are located in regions with δ ≥ 3. The projection is shown in both real and redshift space. For easy comparison with the relevant observations, we have used angular size and redshift as the coordinates. The thickness of this slice is 10
′ . The top panel shows the distribution of particles in real space and the lower panel shows the same set of particles in redshift space. It is clear that redshift space distortion tends to squeeze many structures into a thin sheet perpendicular to the line of sight. However, the scale where this effect is important is much smaller than ∆z = 0.04. (It has been suggested that redshift space distortion and selection function may combine to bring out prominent features that are perpendicular to our line of sight (Praton, Melott and McKee 1997) . Figure  1 clearly demonstrates the fact that this can not give rise to the very "thick" sheet of galaxies that we are trying to understand and reproduce. At the same time it is difficult to assess whether the peak of the selection function, which nearly coincides with the concentration of galaxies, plays an important part in our ability to detect such structures.) Figure 1 shows that at smaller scales in redshift, the redshift space distortions play a very important role and perhaps these can be used to constrain parameters of models. Another important feature that is apparent in figure 1 is that there are many structures with large angular extent. There are at least two objects that span about 20 ′ while being smaller than 0.04 in redshift. Therefore observers should expect to see some structures that are larger than the one that has been observed. The range of sizes and frequency with which these occur depends very strongly on the model of structure formation and hence detailed observation can be used to discriminate between different models of structure formation.
To demonstrate that the dense regions selected in these simulations have a large correlation function as compared to the correlation function for mass, we have plotted the evolved power spectrum of the CDM model with Γ = 0.5 and σ8 = 0.6. Power spectrum of all the particles in the simulation is shown along with power spectrum for two subsets defined by a threshold in density contrast. It is clear that the power spectrum of dense regions has a very large amplitude compared to that for the underlying mass distribution. The power spectrum of particles in dense regions also has a steeper slope, indicating that the differences in clustering are strongest at small scales. In order to show that the evolution of correlation function for clumps does not follow the pattern expected for the correlation function of all particles, we have plotted the power spectra for similar subsets in the same simulation at z = 0. Particles in regions with density above the thresholds were selected at this later epoch. Power spectrum at z = 0 is shown in the lower panel of figure 2. The power spectrum of the mass distribution has certainly evolved as expected between these epochs -evolving by a factor 4 at the linear end and a little more strongly at smaller scales. The other two curves, however, show a very different growth pattern. The power spectrum for δc ≥ 1 has evolved by a factor two at small scales but has changed by a much smaller amount at the larger scales. Power spectrum for regions with δc ≥ 3 has essentially remained unchanged over the entire range of scales. This vindicates the basic argument stated in the introduction.
Given the large correlation of dense regions at high redshift, we expect to see large structures even at high redshifts.
We would like to note that the ratio of power spectra should not be compared with the linear bias for two reasons : It is scale dependent and it is not related in any simple manner to the bias used in calculation of abundance of objects.
Having established our basic hypothesis as true, we now proceed with the analysis of synthetic observations. Figure  3 shows the redshift distribution along two lines of sight Figure 2 . Top panel shows the power spectrum for all the particles (thick line) and the two subsamples. Dotted line is for δ > 3 and dashed line is for δ > 1. It is clear that the difference in clustering properties of these distributions has some scale dependence. At the largest scales the ratio of power spectra for these two subsamples is approximately 3 and 6. However there is no simple way of relating this ratio to the linear bias used in calculations of abundance of galaxies etc. The lower panel shows the corresponding power spectra at z = 0. In the same simulation at the later epoch, we located all the regions that satisfy the density threshold criteria to obtain this power spectrum. It is clear that the differences in clustering properties of these three sets of particles have decreased significantly. The power spectrum of the underlying mass distribution has evolved as expected but the power spectra of clumps or dense regions have evolved differently and do not even follow the linear rate of growth. The power spectrum of regions with δ > 3 shows little change from z = 3 to z = 0 and not the naively expected increase by a factor 4. Table 1 . This table lists the probability of finding peaks of different significance levels in the models of structure formation studied here. There are two basic models here, sCDM with Γ = 0.5 and a variant with Γ = 0.3. Each model has been studied with two different normalisations: σ 8 = 0.6 and σ 8 = 1.0. In each of these cases we use three values of density threshold to generate a subsample and the last three columns of this table list the probability of finding peaks of given significance level for all the possible cases. We have given the probability for the redshift range used by Steidel et al (1997) in order to facilitate comparison. We extrapolate the number of peaks seen from the redshift range available in simulations to obtain the numbers given here.
obtained using the method outlined in §2. These particular examples were chosen to show the variety of distributions and peaks that can occur naturally. In one case we see a semi-periodic set of peaks whereas in the other case we see only one isolated peak. Table 1 lists the frequency of occurrence of N σ peaks in the redshift space distribution. Here we have extrapolated from the range of redshift covered by the simulation to that used in Steidel et al (1997) to facilitate comparison. In the following discussion we will first compare models with the same normalisation and then discuss changes introduced by a different normalisation.
For the lower normalisation, both the models have a comparable performance. The main difference is in the frequency of peaks of higher significance with the higher density threshold. In this case the model with extra large scale power, i.e. one with Γ = 0.3 produces a larger number of peaks. However, the steeper model has more peaks of intermediate significance.
Models with higher normalisation are almost identical in all respects.
A comparison of models with different normalisation shows that models with higher normalisation produce a smaller number of 5σ peaks. This is indeed very surprising. All other features are as expected -models with a higher normalisation have a larger number of peaks with intermediate significance without any density threshold. The smallness of change with density threshold can be understood if typical peaks have collapsed to form clumps and hence the difference in mass correlation and that of the clumps is no longer very different -a direct consequence of higher normalisation.
DISCUSSION
We have shown that the observations of a "wall" in redshift space at high redshifts are not in conflict with the simplest Figure 3 . Sample distribution of objects in redshift space. These panels show the redshift distribution in two 10 ′ ×10 ′ fields of view through a simulation volume. We have used the same simulation as used in figure 1. These frames show a few high peaks in the distribution. The y axis on these plots is the height of a peak measured from the average in units of standard deviation. Each point represents an average over ∆z = 0.04 though points are plotted at intervals of ∆z = 0.0067. models of structure formation. We have demonstrated that this results from the strong correlation between the highest peaks in the density distribution. The presence of a quasar in the concentration of galaxies also suggests that we are dealing with rare peaks of the density field.
Similar explanation can easily be used for the sheet like structure seen at z ≈ 1, (Le Févre et al 1994) though in that case redshift space distortions may also play a significant role. Figure 1 suggests that still larger structures maybe found in future searches. The distribution of sizes of largest structures in surveys at high redshift -both angular size and the extent in redshift -may be used to discriminate between different models. We are carrying out detailed study of different models and combinations of different cosmological models in order to search for specific models dependent features.
We have shown that the power spectrum for dense regions does not evolve as the power spectrum for the underlying mass distribution. Therefore galaxies can not be used as a uniform tracer of mass across different redshifts. This, for example, implies that the rate of growth of correlation function of galaxies can not be used to constrain cosmology in a simple manner. At present we are studying the variation of correlation function of dense regions with redshift in various models. These results will be presented in a later publication (Bagla 1997) .
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